The authors hypothesize that consumption of interesterified fats may be the cause of the continuous increase in cardiovascular deaths in the United States which began in 2011. Interesterification is a method of producing solid fats from vegetable oil and began to supplant partial hydrogenation for this purpose upon recognition of the danger of trans fats to cardiovascular health. Long, straight carbon chains, as are present in saturated and trans fatty acids, decrease the fluidity of the erythrocyte cell membrane, which decreases erythrocyte deformability and increases blood viscosity. This decrease in cell membrane fluidity is caused by increased van der Waals interactions, which also solidify dietary fats. Elevated blood viscosity is favored as the pathogenic mechanism by which trans fats increase cardiovascular mortality because changes in lipoprotein levels do not account for all the mortality attributable to their consumption. The rapid changes in cardiovascular mortality noted with the introduction and withdrawal of trans fats from the food supply are reviewed. The evidence implicating elevated blood viscosity in cardiovascular disease is also reviewed. Data regarding the production and consumption of interesterified fats in the US should be released in order to determine if there is an association with the observed increase in cardiovascular deaths.
Introduction
The United States (US) Food and Drug Administration (FDA) initially expressed concern about the safety of trans fats in 1999. Subsequently, the US consumption of trans fats decreased 78% between 2003 and 2012. They are scheduled to be almost entirely removed from the US food supply by 2018. 1 Trans fats are produced by partially hydrogenating liquid vegetable oils in order to produce solid fats. Interesterification is an alternative method of producing solid fats which does not generate trans fats. In this process, fatty acids are recombined between two different triglycerides, generating a variety of products with different melting points (Figure 1 ). Random interesterification can result in the unnatural placement of saturated fats in the second (sn-2) position of the glycerol backbone, which is usually occupied by an unsaturated fatty acid in vegetable oils. 2 Interesterified triglycerides do not increase lipoprotein levels, and for this reason are considered to be safe. 3 Following continuous declines from 1985 to 2011, deaths from heart disease in the US increased 3% between 2011 and 2014. 4 Although quantitative data about the production and consumption of interesterified triglycerides are not public knowledge, the temporal association between their presumably increased consumption as a replacement for trans fats and the increase in deaths from heart disease should raise concern about their safety. The brief interval between both the introduction and removal of trans fatty acids from the food supply and subsequent changes in cardiovascular mortality show that dietary fats can have an acute effect on coronary artery disease. Epidemiologic data, the physical chemistry of lipid bilayers, and the principles of hemorheology strongly suggest that the bulk of excess mortality due to dietary fats, including interesterified fats, is caused by elevated blood viscosity, not changes in lipoprotein levels.
Dietary fats can have an acute effect on cardiovascular mortality
Industrial trans fatty acids were introduced into the US food supply in 1911. One year later, the first diagnosis of myocardial infarction in a living patient was reported in the Journal of the American Medical Association. The death rate due to heart disease in the US rose from the 1920s until the late 1960s. 5 Production and consumption of trans fats in the US also peaked in the 1960s. 6 Similar changes occurred after trans fats were introduced in the United Kingdom (UK) in 1909. Sir James Mackenzie, the 'father of cardiology in the UK,' first mentioned angina in the third edition of his book Diseases of the Heart published in 1913. Deaths due to heart disease began to increase in England and Wales between 1922-1924 and peaked in the UK in 1970. 7 Compared with their introduction and gradual dissemination, the acute effect of trans fats on mortality is better seen when they are abruptly removed from the food supply. In the three years after Denmark limited trans fat content to 2% of total fats, mortality due to cardiovascular disease dropped by an average of 14.2 per 100,000 people per year. 8 After three years of restricting trans fat use in certain counties of New York state in the US, there was an additional 6.2% decrease beyond temporal trends in hospital admissions for myocardial infarction and stroke [95% confidence interval (CI), −9.2% to −3.2%, p < 0.001]. 9 Changes in lipoprotein levels do not account for the increased mortality associated with trans fats Based solely on their impact on lipoprotein levels, trans fatty acids were estimated to cause 30,000 deaths due to myocardial infarction in the US annually. Epidemiologic data, however, suggested a number closer to 100,000. 6 This discrepancy suggests that increased lipoprotein levels do not account for all the excess mortality. 6 In another study, the association between trans fats and initial myocardial infarction remained strong after statistically controlling for lipoprotein levels, further suggesting that trans fatty acids have adverse effects beyond raising lipoprotein levels. 10 Solid dietary fats, whether from partial hydrogenation or interesterification, increase blood viscosity Partial hydrogenation of the cis bonds in unsaturated fats converts them to trans bonds, straightening their carbon chains. Saturated fatty acids naturally have straight carbon chains ( Figure 2 ). Straight fatty acids can be tightly packed, increasing van der Waals interactions and raising their melting point, solidifying long-chain fatty acids at 37 o C. Van der Waals interactions result from a momentary asymmetry in the electron cloud surrounding an atom, which induces a transient, focal charge called a 'dipole.' This induces a dipole in any nearby electron clouds, resulting in a weak attraction. The effect of increased van der Waals interactions on melting point is seen in stearic acid, an 18-carbon saturated fatty acid with a melting point of 63.9 o C and elaidic acid, an 18-carbon trans fat with a melting point of 45 o C. In contrast, linoleic acid, an 18-carbon cis unsaturated fat, melts between 13-14 o C and is liquid at 37 o C. Increased van der Waals attractions also makes the melting point of long-chain saturated fatty acids higher than those with shorter chains.
When dietary trans and long-chain saturated fatty acids are incorporated into an erythrocyte lipid bilayer, it stiffens just as liquid vegetable oils do ( Figure 3 ). The effect of long-chain saturated and trans fatty acids on the erythrocyte plasma membrane fluidity are similar. 11 Normal erythrocytes are the most deformable biomaterial. 12 This allows erythrocytes to reversibly deform when blood velocity increases during systole, decreasing their surface area, resistance to flow, and lowering blood viscosity. Erythrocytes are the most numerous cell type in the body, numbering in the many trillions. Trillions of small decreases in deformability in otherwise extraordinarily deformable erythrocytes increases blood viscosity and resistance to flow. This necessitates increased driving pressure to cause blood flow. The effect of dietary fatty acids on erythrocyte membrane fluidity, 13,14 blood viscosity, 15 and blood pressure 16 have been confirmed experimentally. The World Health Organization (WHO) has recognized the role of increased consumption of saturated fats and elevated blood viscosity in the pathogenesis of hypertension. According to the WHO website, "Saturated fat appears to influence blood viscosity. A higher proportional intake of fatty acids from polyunsaturated sources (linoleic acid and alpha-linolenic acids), compared with saturated fats, is associated with a lower risk of developing hypertension." 17 Elevated blood viscosity increases cardiovascular mortality by promoting thrombosis The viscosity of blood increases when blood flow decreases because erythrocytes return to their original shape, and form aggregates. This increased viscosity decreases flow and promotes thrombosis. Deep vein thrombosis of the lower extremities is an example of decreased flow causing thrombosis. Arterial thrombosis due to increased blood viscosity is the most common cause of death in polycythemia vera. Thus, while many studies show that lowering low-density lipoprotein cholesterol (LDL-C) with statin therapy decreases cardiovascular morbidity and mortality, increased blood viscosity may explain the excess mortality caused by dietary fats more completely than lipoprotein levels. Although epidemiologic data suggest an increased cardiovascular risk with consumption of long-chain saturated fats, the significance of those data is argued, possibly because LDL-C generally increases with decreasing chain length when these replace dietary carbohydrates. Stearic acid (C18:0) has a neutral effect on plasma lipid or lipoprotein profiles when replacing carbohydrate. 18 Several lines of evidence show that elevated blood viscosity increases the risk of cardiovascular disease. First, the Edinburgh Artery Study prospectively demonstrated in 1592 subjects that mean blood viscosity was higher in subjects who suffered cardiovascular events, 3.70 versus 3.55 centipoise, p = 0.0003. 19 Second, LDL increases and high-density lipoprotein (HDL) decreases blood viscosity due to their opposing effects on erythrocyte aggregation. Particles or molecules which are large enough to simultaneously bind two erythrocytes, such as fibrinogen or LDL, foster erythrocyte aggregation and increase blood viscosity. HDL, which is too small to simultaneously bind two erythrocytes, decreases blood viscosity by competing with LDL for erythrocyte binding. 20 Third, erythropoiesis-stimulating agents exhibit a dose-dependent risk of increased cardiovascular morbidity and mortality. These drugs carry a 'black box' warning for increasing the risk of myocardial infarction, stroke, venous thromboembolism, and death. Because hematocrit is the strongest determinant of blood viscosity, those complications are reasonably attributable to elevated blood viscosity. Finally, splenectomy increases blood viscosity and decreases erythrocyte deformability because the spleen removes older, stiffer erythrocytes. In one study, patients with hereditary spherocytosis who underwent splenectomy had an increased risk of cardiovascular events compared with those who did not (hazard ratio: 7.2, 95% CI 2.8-17.2). 21 The only causes of death which were increased in World War II servicemen who underwent splenectomy for trauma were pneumonia and coronary artery disease. 22 This epidemiologic, hemorheologic, pharmacologic, and hematologic evidence shows that elevated blood viscosity increases cardiovascular risk.
Additional evidence for an adverse hemorheologic effect of interesterified fats is offered by the LDL receptor knockout mouse model. Increased blood viscosity will create larger areas of slower flow or low shear in areas of flow separation adjacent to the vessel wall. Decreased shear will impair the barrier function of the underlying endothelium by causing endothelial cell loss and the development of gaps between endothelial cells. 23 This will increase the accumulation of lipoproteins in the subendothelial space and subsequent macropinocytosis by dendritic cells. Afonso and colleagues fed LDL receptor knockout mice diets enriched in polyunsaturated fats, trans fats, palmitic acid, stearic acid, palmitic interesterified fat, and stearic interesterified fat. 24 Mice fed trans fats had the greatest accumulation of fat in the intima and mice fed polyunsaturated fats had the least, consistent with their effects on erythrocyte membrane fluidity and blood viscosity. Mice fed interesterified palmitic acid had more fat accumulation than those fed palmitic acid. Macrophage accumulation and plasma concentrations of tumor necrosis factor-α and interleukin-1-β paralleled the intimal accumulation of lipids. Mice fed interesterified stearic acid showed a degree of intimal fat accumulation similar to those fed native stearic acid. The authors attributed this to the fact that interesterification did not increase the amount of saturated fat in the sn-2 position. 24 Interesterified triglycerides are currently 'under the radar' As a cause of harm done to himself, dietary fats trail only warfare and cigarette smoking, and dwarf environmental contamination by lead and asbestos. Under pressure from activists and unaware of their danger, many purveyors switched from saturated to trans fats in the 1980s. In switching from trans fats to interesterified triglycerides, are we again unwittingly switching to a harmful dietary fat? Exchanging an unsaturated fatty acid (a 'good' fat) for a saturated one (a 'bad' fat) 25 in interesterification is harmful; it decreases erythrocyte deformability and increases blood viscosity. Unsaturated fats are liquid at room and physiologic temperature, while all long-chain saturated fatty acids are solid at room and physiologic temperature. There are ample data to suggest that both erythrocyte plasma membranes and dietary lipids should be fluid. As Hayes and Pronczuk wrote in 2010, "more research is warranted to determine the appropriateness of interesterified fat consumption, particularly before it becomes insidiously embedded in the food supply similar to [trans fatty acids] and intake levels are achieved that compromise long-term health." 2 The effect of dietary fats on blood viscosity and erythrocyte deformability should be determined before science declares them harmless. This is especially important given the lack of regulatory oversight of these fats. Regulatory bodies encourage but do not require specific inclusion of the term 'interesterified' in food labeling. The Canadian Food Inspection Agency (CFIA) food labeling guidelines state, "Since interesterification is not hydrogenation or modification, the FDR [Food and Drug Regulations] do not specifically require that 'interesterification' be declared in the common name of the product. However, the CFIA encourages the use of the common name 'interesterified (naming the vegetable oil)'." 26 Meanwhile, the US FDA food labeling requirements do not clearly address interesterified fats. While the US FDA has mandated phasing out of dietary trans fats, the food industry is reformulating many of its products with interesterified fats. Ambiguous labeling requirements enable these fats to appear in foods under umbrella terms such as 'vegetable oils,' 'fully hydrogenated oils,' 'palm oil,' 'palm kernel oil,' 'high stearate,' or 'stearic rich' fats. Ultimately, the very citizens which rely on and trust regulatory bodies to protect public health are ultimately the ones who may suffer potential health risks from this lack of transparency.
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